There are a number of secondary effects in a synchronous machine which are most often neglected to develop a simplified model. This procedure is simple and straight-forward, but it gives rise to much errors. To avoid the errors, the modelers have developed several techniques. Saturation is one of the secondary effects which become quite dominant at certain load conditions. In the earlier regimes, grapho-analytical techniques were developed to treat the effect of saturation. But such methods were tedious, complex and time-consuming. Now they should be replaced by computer methods. This paper gives a comprehensive discussion on the various methods developed to treat the effect of saturation. It also gives computer-aided methods to replace the older methods.
INTRODUCTION
There are secondary effects in a synchronous machine which affect the performance variables-they affect the transient as well as steady state performance [1] . The secondary effects are: i) saturation of the magnetic circuits, ii) space and time harmonics and iii) distributed eddy currents in solid metallic parts.
Many authors and modelers have made analysis in this area and bulk of papers has been advanced [2, 3, 4, 5, 6] . Out of these three, saturation also affects the performance of exciters and transformers [7] . Saturation cannot be avoided in machines/ transformers for economic reasons. So, its effect should be accounted for in circuit analysis and design of electrical machines [8, 9, 10] . So only the effect of saturation is being focused in this paper.
The methods improvised in the past were mostly graphoanalytical, as such tedious and time-consuming. They offered various degrees of accuracy. In this paper, the commonly used methods are being discussed and computer methods are being developed to replace the grapho-analytical.
THE EXISTING METHODS
There are several techniques to account for saturation in synchronous machine [2, 3, 5] and exciters. These are as given below: a. Kingsley's method of saturated synchronous reactance. b. The technique developed by Anderson and Fouad. c. Frolich's method d. Modified Frolich's method e. Exponential method.
Kennelly was also associated with Frolich in his works on saturation. These methods are being discussed one after another along with techniques for computer-aided solutions [11, 12] . For computer-based solutions higher mathematics [13] and numerical methods [14] are adopted.
THE KINGSLEY'S METHOD
The Kingsley's method is the simplest one and is commonly used. This is a grapho-analytical method, by which a saturation factor is found out from the OCC/SCC of the machine. The unsaturated synchronous reactance is found out from these curves and the saturated synchronous reactance [15] is found out from:
The saturated value of synchronous reactance is used instead of the unsaturated one for computations on stability etc. To find out the saturation factor, the steps are as given below: a. Plotting the OCC and extend its linear part to get the airgap line.
b. Find out the voltage behind the armature leakage reactance at full load: 
Case-study on Kingsley's method
Saturated synchronous reactance is being found out by KINGSLEY'S method. The data is obtained from reference [16] .
The machine in the case study is the 5 th unit of BANDEL TPS, manufactured by BHEL.
MW-rating = 210; Rated power factor = 0.85 lag Rated L-L voltage = 15.75 kV The corresponding MVA-rating = 247. The data for OCC is given below: 100  1800  1300  19100  200  3600  1400  19650  300  5400  1500  20100  400  7200  1600  20600  500  9000  1700  21000  600  10800  1800  21400  700  12600  1900  21800  800  14200  2000  22150  900  15600  2100  22450  1000  16700  2200  22700  1100  17700  2300  22900  1200  18500  2400  23100 The OCC is linear up to an excitation of 700 A while it induces a line voltage of 12600 volts (L-L).
The slope of the air-gap line = 18 V/A Field current to produce rated voltage on a-g line = 875 A Base current of the machine = 9056.5 A Field current required to produce f.l. short-circuit current = 1850 A S.C. current at field current corresponding to rated a.g. voltage = 4283.5 A
The The method of synchronous reactance is simple and straight-forward but it produces errors-its accuracy is limited. Moreover, the value of the saturated synchronous reactance depends on the load.
THE METHOD SUGGESTED BY ANDERSON AND FOUAD
Anderson and Fouad [3] in their famous treatise on power system have suggested a rather simple method to account for saturation of the generator. They have defined a p.u. saturation factor G S . It is defined in terms of O.C. terminal voltage and field current. As an example, with reference to fig. 1 ,
With this definition, we specify G S for two values of terminal voltage 1.0 and 1.2 p.u. as 1
P.U.
G S is given as:
From these equations, we get:
A e  (5) which yield the following expressions:
The saturation factor can be estimated from these expressions for any operating voltage.
4.1.1
Case study on Anderson and Fouad' method Slope of the air-gap line = 18 V/A G S There is no saturation up to field current, If = 700 A The Saturation starts at a field current, If = 800 A Threshold voltage = 0.8 p.u. Field current required for developing rated voltage on a.g. line = 875 A Field current required to produce rated voltage at no load = 913.64 A Field current required to produce 20% overvoltage on airgap line = 1050 A Field current required to produce 20% overvoltage at no load = 1266.7 A Normalized saturation function: 
THE EXPONENTIAL METHOD
There is another way to account for saturation. That is the exponential method. In this method, the describing eqn. is given as:
The equation can be re-written as:
In this form, it is the equation of a straight line and the method of linear regression can be applied to it [13, 14] . The case-study is given below. Another method is that of piece-wise linearization on the basis of straight line segments between data points. The computation is lengthier but the accuracy is more.
Fitting exponential equation to OCC

CONCLUSIONS
Secondary effects are neglected in simplified modeling using generalized machine theory. Saturation is one of the secondary effects which affect the performance variables and it should be accounted for. There has been many modeling approach to account for saturation. The first one is the use of saturated synchronous reactance in place of the unsaturated one. This is covered by Kingsley's method. A better method has been suggested by Anderson and Fouad. They have suggested an exponential form. The coefficients have been found out by using data for p.u. voltages of 1.0 and 1.2. A still better method is the exponential method, in which curvefitting has been obtained by linear regression. Due to the use of curve-fitting procedure, the error is relatively less. Another fitting equation was proposed by Frolich. This equation has also been fitted using linear regression. The error is less than that for fitting exponential equation. Later on, Frolich suggested a modified equation for better matching. That could also be fitted using a combination of recursive methods and linear regression. The error in this case is much smaller compared to other methods, but the procedure is a little more complex. Piecewise linearization is another popularly used method.
